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Abstract

We argue that the question selection processes used in the existing
Al in Medicine programs arc inadequate. We trace (hese inadequacies
to their use of purely surface level models of discase and to the lack of
planning in scquencing their inguirics, We then describe the
informatian gathering component of ABEL (a program for Acid-Base
and Electrolyte disturbances) with cinphasis on its use of a causal
modcl of a patient’s illness in guiding its diagnostic inquiries.

1. Background

Diagnostic programs built using the AJ in Medicine (AIM)
meihoduiagy typically consist of two paris: ane to form hypotlieses that
explain the data known to the program, and one to acquire new
infonnation from the prugrain’s users tw clarify difficulties remaining
with the hypotheses under consideration. In this paper we suggest that
the questioning behavior of most cxisting diagnostic programs is
inadequate because it Is not very responsive to the totality of the
program's hypotheses. Both rnie-based systems such as Mycin
[ShortlilTe76] and frame-bascd systems such as Internist-1 [Popie?7] and
PIP [Pauker76] suffer from thisdefeet, though for diverse reasons.

Mycin [Shorliffe76] is a rufe-based cxpert program for the
diagnosis and therapy of infectious diseases. It uses a backward
chaining control stru¢ture to'sequence through its rule-base in search of
information relevant in the diagnosis of possible infections. Mycin
always pursucs the antecedent clauses of a rule in their order of
appearance in the rule. "Thus during any exccution of { ihe progiam the
antecedent clauses of cvery ruie are expanded in exactly the same
order, rcsuiung in a pre-determined order in which the questions may
be asked.? This r1g1d1ty in Mycin results from its use of rules to encode
both its medical knowledge and the control component of expert
reasoning. The resulting limitations of the Mycin system were
rccog'nizc\d by Davis [Davis76). who proposed meta-ruies as a means of
separating these two aspects of expert behavior,” Meta-tules are used in
his system, Teiresias [Da_vis';‘ﬁ]. to encode strategic knowledge for the
control of the Backward chaining Tule-interpreter by dynamicaily
Te-ordering and selecting rules to be pursued. 1t Is important to note
that the meta-rules do not alter the p'rogram’s domain knowledge; they
provide additional knowlcdge that aliows it 1w make more efficient use
of this knowiedge.
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2. Mycin's reasonmg scheme chooses not to ask a quésiion only if the rule
wliose antecedent ‘part’ suggesis il is aleeady ‘doorned to fail by answers to
previous questions or if the question has been previously answered because it
appeared in the condition of another rule,
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Internist-1, a diagnostic program being developed for all of internal
medicine [Popie?7], and the Present Hiness Programs (PIP), a program
for the initial formuiation of a diagnosis for patients with disecases of the
kidneys [Pauker76], both focus on a problem to investigate next by
considcring all their active hypotheses. Therefure, controf over which
discase or discase set is next to be expiored docs not depend on the
manner or order in which these are expressed in the program.
However, once the controtiing hypothctns sct 15 deétennined, the
information gathering swategics are linited ta seicc_tmg ong
pre-packaged group of questions at a time, E.g.. cach time the program
chooses to try to conflrm some particilar hypothesis, it will ran through
thic same list of associated questions, in the arder in which they appear
in the program’s static knawledge base withaut regard 1o what else the
program knows. After a group of questions is asked, the program'’s
hypothesis fonnation module takes control again, and wliether this fine
of questioning is resumed ar abandoned depends on the process of
hypothesis evaluation and whether the same hypothesis set again rises
to the top of the program’s interest, Often too little coutrol is thus
exercised' by the information acquisition part of the pragram, and
overali diagnostic inefficiencies and incoberent question sequences
Tesuit. )

To study the value and use of multi-level causal deseriptions in
diagnostic and therapeutic reasoning, we have been developing a new
medical expert cansultation program for the domain of acid-base and
ciectroiyte  disorders, called ABEL.  The informatiop-gathering
component of ABEL uses the program’s causal madel of what it
beticves. lmghl be wrong with the paticat tu help sélect ‘and otder
possible’ questions to be asked (thus capturing the advantagcs of
meta-rules used for this purpose in Mycin), and uniike Intcmlst-l or
PIPit cunsr.ructs a rather detailed information gatliering p]an t.n]ored o
the specific set of hypotheses it must confirm or dlffercnnate among
"This approach gives ABEL an unprovcd control ovcr the scqucnc1 ng of
questions that are even tualty askcd of the user.

We have noted clsewhere [Patildl] that most of the ‘miedical
knowiedge contained in the first generation AIM pmgrdms ‘can be
charactérized as phenomenological: it deseribes the associations dmiong
phenomcna without the causal mechanisms undcrlymg the observed
agsociations. Therefore, unhkc expeit clinicians, those programs are
unabit to recognize and usé causat and temporal rclauonshlps among
diseases and to reason about the disease mechanisms at variotis fevels of
detail. They arc unabie to-evaluate tie interactions, cornmonalities and
differences among discases, except perhiaps in terms of some” simiple
measure of reiative likelihood. ABEL is intended, by contrast, to
provide mnultiple levels of description of its hypotheses; allofing it to
use both thée’phendinenoiogical dssociations of a shallow-level and the
detailed causal mechanisms of deeper leveis in formuiating hypotheses
and in planning the gathering of new infonnation.



In a previous paper [Patil8la] we have presented ABEL’s
mechanism for describing a patient’s illness. Called the patient-specific
model this description includes data about the patient as well as the
program’s hypotlietical interpretations of these data in a multi-level
causal network. In this paper wc focus on the diagnostic
information-gathering  process of the ABEL  program  which
complements the patient-specific model.

2. The information acquisiton problem

‘The overall diagnestic activity is concerned with developing a clear
understanding of the discase process{es) respousible for the patient's
jllness, for use in prognosis and therapy. 1t involves interpreting
available information about the paticne to form diagnostic hypothescs
which might cxplain the patient’s illness and acquiring new information
that will help discriminate among these hypotheses. The information
acquisition activity must take into account factors such as the cost,
efficiency and urgency of acquiring information. In addition, as it
interacts with the uscr, it must also take into account factors such as
topiéa] coherence and the possibility of errors.

Previous programs e.g., Intemist-] [Pople77] have employed
sr.ratcglcs such as' discriminate,  pursue and rufe-out to help sclect a
qucstion or group of questions to ask next. ABEL uscs such strategies
instead to decompose the overall diagnostic problem of resolving
uncertaintics in the hiypotheses into sub-goals each of which is more
specific and amcnable to furtier decomposition.  Thus, rather than
gcncratmg questions directly frotn the top-level diagnostic problem,
ABEL gererates'a tree of sub-problems the leaves of which can be
solved by asking one or a small grdup of questions. Because the whole
set of these questions is methodically selected before any question is
actually askcd interdependencies among the questions can be taken
into consldcrauon For example, ABEL currently orzanizes all the
planned questions by the organ system, cticlogy, or time peried on
which "they concentrate, so that groups of questions are asked in a
coherent order. ‘The number of places in the sub-goal trec where the
answer to a question is thought to be useful is also used to efficiently
order the scqucncc of questions.

Erroncous 1nf0rmauon is bound to be presented to the program
during a dlagnosnc séssion.  Thercfore, an ab:hty to identify
questionable information and to challenge and correct it quickly is an
important ingredient of clinical ° ‘expertise.  When prescnted with a
finding which, if accepted, may require cxtensive reformulation of the
currently held diagnoses, it miay be inwise for the' program o act on
such information unless it can be substantla]ly corroborated and its
vahdlty as a dlagnosuc sign. checked out. ,. For example, upon
unexpectedly (and erroneously) findiig © a substanr.aa] weight increase”
in a patient over ashort period of tme, the program should check if the
two weights were taken on the same scale. It is unreasonable, however,
to ask the same question every time a weight changc is reported for a
patient. .. In ABEL we associatc with cach informatiun gathering goal
expectations about its possible outcomes. After.cach question is asked,
if the answer is consistent with expectations, questioning continues with
the .planned scquence.  However, if the answer contradicts the
expectations, this information is_considered guestionable and an
excusefinding mechanism is activated. This allows, ABEL to pursue
qucstlonab]c findings further before acccptmg them,

ln Lhc remamdcr of the paper we will dcscnbc the workings of the
in formauon gathcnng activity of ABEL with the help of an cxample,
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3. An Example

Let us consider a patient who has been ill for 3 o 4 days and is known
to have modcrately severe metabolic-acidesis and slight hyponatremia
(serum Na of 128 meg/L). Let us also assume that no additional
history is available. Two possible formulations of the patient’s problem
are shown in Figs, 1 and 2. One hypothesis states that the underlying .
disurder js diarthea, the otlier, that it is acute renal fajlure. The

diarrhea —E‘;"-sﬂ:» lower-Giloss ~ —SEERs,  metabolic-acidosis

causes
Causes causes

volume-deplelion

hyponatremia hypakalemia

causes
increased
urine osmolarity

low blood .
pressure

low urinary
sodium excrelion

poor slighlly increased
lissue turgor serum creatinine
Fig. 1. In one explanation of the example case,
diarrhea is lower gastro-intestinal losses, which result
in mctabolic-acidosis, volume depletion, and their
CONSCqUences.

acute
renal lLailure
causes

acid L£augses
relentlon

causes ——= melabolic-acidosis

hyper
kalemia

iso-csmolar increased urinary
urine sodium excrelion

sediment

fluid-retent]
etentl increased

causes gouses serum crealinine oy

edema hyponatremla

Fig. 2. An alternative explanation to that of Fig: 1
holds acute renal fathire responsible for acid retention
which causes metabolic-acidosis and its CONSeqLCnCes.

]

Goal 1: Differentiate diarthea, acute renal failure
Coentext: Cause-of metabolic acidests
Expectations:

Possible: diarthea
Seven[y moderate
Possible: acuté renal failure
Severity: moderate
Buration: a few days
Subgoals: (AND 238 9 10)
' el

Fig. 3. Top-level goal structure for discriminating %

between diarrhea and acute renal failure.

progmm has s6t «s its top level goal as shown in Fig, 3 the destr
discriminate between these two possible mterprctattons To accomplish
this objccnve the program compares t.hc wo mtcrprctatmns ide

and formulates sub-goals to pursuc cach difference. For exampl !
program identifies urinary sodium concentration as a usefu
differentiator between diarhea and . acute renal failure, because
diarthea predicts that the urnary sodium concentration will b& 1o
whcreas remal failure predicts a rclatively lhigh urinary sediun®
concentration.  Similarly, the program can differentiate bétwéen
diarrhea and acute renal failure by determining the staté of hydration';
of the patient; this goal can be achieved.by confirming ejther volume:
deplcuon or edema, Diarrhea predicts the loss of. fluid and thercfor
volume depletion.  Volume depletion, however, can not be direc y;

A
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observed; therefore, the program further decomposes this goal into
sub-goals for confirming poor tissue turgor, low blood pressure and a
slightly elevated scrum creatinine concentration. Acute renal failure,
on the other hand, predicts the accumulation of body fluids if normal
intake of fluid has continued during the period of olignria. - If a
sufficient accumulation occurs, it will manifest itself as edema. A
graphic representation of the complete goal structure is shown in Fig, 4,
and the goals are listed below it. The program has now completed the
gencration of the sub-goal tree for differentiating between diarrhca and
‘acute tenal failure. It can group and order the questions by efficiency
and stylistic measures. For example, it groups questions about the

Goal 1
- L -
.- ! AT
=T AND T R
Goal2  Goal3  Goal8  Goal9 Goal 10
7 XOR
I'd
Gpal 4 Goal 5
A
AND
Goal 6 Goal 7

Goal 2: explore urinary sodivm concenteation
Context: differentiate diarthea, acute renal failure
Expeclations:

Possible: low (less than 10 meq/1)
Cause; diarrhea
- Possible: high (greater than 40 meq/1)
Cause: acute renal failure

Goal 3: explore state of hydration
Context: differentiate diarthea, acute renal failure
Expeclaitons:
Possible: volume depietion
Cause: diarrhea
Severity: moderate
Possibie: fluid retention
Cause: acute renal failure
Defauit: continued normal fluid intake
Severily: mild 1o moderate
Subgoals: (XOR 45)

Goal 4: confirm fluid retention
Context: caused by acute renal failure
Expeclations:
Possible; edema
Severity: mild to moderate
Possible: no edema

Goal 5: canfirm volume depletion
Context: caused by diarrthea
Expectations:
Possible: present
Severity: mild to moderate
Possible: absent
Subgoals: (AND 67)

Goal 6: confirm poor tissue turgor
Context: explore state of hydration
Expectations;
Possible; mild
‘ Cause; volume depletion
Possible: absent ’
Cause: fluid retention

Goal 7: explore blood pressure
Context: explore state of hydration
Expectations:
Possible: slightly low
Cause; volume depletion
Possible: normal
Cause: fluid retention

Goal 8: confirm hemoglobin and tubular cell casts in urine
Context: differentiate diarthea, acute tenal faflure
Expeclations;

Possible: present

Cause; acute renal failure
Possible: absent

Cause: diarrhea

Goal 9: explore serum creatinine ‘
Conlext: differentiate diarrhea, acute renal faflure
Expeciations:

Possible: slighity to moderately elevated
Cause: acute renal fatlure

Possible: slightly elevated
Cause: diarrhea

Goal 10: explore serum K
Context: differentiate diarrhea, acote renal failure
Expeclations:
Possible; increased
Cause: acute repal failure
Possibie; low '
Cause; diarrhea

Tig. 4. The complete goal structure. ANDD indicates
goals that must be simultancously achicved and XOR
indicates goals af which only ane can be achi¢ved.
The solid arcs in the goal structure represent the path
actually being taken by the information-gatherer.

results of urine analysis (namnely uwrinary sodium concentration and
urine sedimeut) to ask first, general physical questions relating to the

state of hydration (i.c., edema, tissue mirgor and blood pressure) next,

and serum creatinine and serum K concentrations last. The following is

a sumnary of the information gathered by the program in pursuing this

goal structure,

Urinary sodium concentration: $0 meg/1
Urine sediment: negative
. Edema: absent
Tissue wrgor: slightly reduced
Biood pressure: normal
Serum Creatinine concentration: 2.5 mg per cent
Serum K coneentration: 3.5 meq/1

"After successfully achicving cach of the sub-goals, the program
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reconsiders the top-level goal of differentiating between diarrhea and
acute renal faflure. The program realizes that the overall set of findings
arc not consiskent with one another. In particular, the finding of high
urinary sndiwm concentration suggests acute renal failure, whereas the-
low scrum K concentration is inconsistent with acute renal failure. On
the other hand, low scrum K concentration is consistent with diarthea,
whereas high urinary sudium concentration is not.  This conflict
activates the pragram's excuse mechanism (sce below). To resolve the
contradiction, the program scts up two goals so that one. of the two
diagnoscs can be confirmed. The two goals are shown in Fig. 5. Upon
pursuing thesc goals the program finds that the paticnt has been
vomiting, which explains the slightly low serum K concentration and a
slight volume depletion. The high urinary sodium cxcretion argues
strongly in favor of acite renal failure.,



Goal 11: Find excuse for high urinary sedium eoncentration
context: diarrhea ’
expectation:

possible: diuretic use
possible: Addison's disease

Goal 12: Find excusa for low serum k
context: acute renal failure
expeclation:

possible: divretic use
possible: vomiting

Fig. 5. Additional goals created to resolve apparent
contradiction in input data,

Afier completing a cycle of infirination gathering the program
enicrs this information inte the paticnt-specific models, revises its
hypotheses for the patient’s illness and continues the diagnosis.

4. Summary and Conclusion ‘

In this paper we have briefly sketched the information acquisition
method used in the ABEL program. We have proposed a novel way of
viewing the traditional diagnostic strategics as decomposition operators.
We have then used these strategics to decompose an overall diagnostic
goal info a trec of sub-gaals the leaves of which can be solved directly
by asking questions, In addition we have proposed attaching to each
diaguostic goal the expectations of tie program about it possible
outcomes. Because all the questions useful to the overall diagnostie
goal arc methodically generated before any question is asked, the

- program can order these questions for cfficiency and coherence.

Because the possible outcomes of pursuing each goal are determined
before questions relating to it are asked, the programm can easily
determine the success o failure of its goals and can identify
questionable infarmation that contradicts all pessible expectations.
This allows the program to make cfficient usc of its case-specific
knowledge and exert better control in its information acquisition
activity.
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